For the establishment of the technology for the management of liquid propellant in space vehicles, a numerical method, called 'CIP-LSM' (CIP based Level Set method & MARS), was developed to simulate three-dimensional free-surface flows under various gravity conditions. The dynamic behaviors of liquid in the model tank with multiple ring-baffles were successfully simulated.
Introduction
With the progress of human activities in space, the occasion to handle liquids under low gravity conditions is now growing. On the launch vehicles with liquid propulsion system, the dynamic acceleration during its powered ascent or ballistic flight makes it very difficult to control the position of propellants in the tanks. To establish the technology for the propellant management [1] , it is essential to accumulate technical knowledge and experiences for the appropriate assessment of the fluid systems. However, in the atmosphere, there are not so many opportunities to realize the lowgravity state or the dynamic conditions of acceleration with airplanes or drop towers. Investigative methods based on Computational Fluid Dynamics are therefore strongly desired.
Numerical Method: CIP-LSM
To establish the fundamental technology for propellant management in space transportation systems, a numerical method, called 'CIP-LSM' (CIP based Level Set & MARS), is under development in the University of Tokyo, which is designed to simulate three-dimensional free-surface flows under various gravity conditions. The algorithms of numerical schemes to solve free-surface flows are, in general, composed of hydrodynamic equation solver and surfacetracking procedure. The CIP-LSM employs TCUP (Temperature-based CIP-CUP) to solve hydrodynamic equations for free-surface flow and HLSM (Hybrid Level Set method and MARS) for the tracking of surface position. The detail algorithm of CIP-LSM is described in Refs. [2] [3] [4] .
Dam Breaking Problem
For the validation of the developed code, the experiment of the dam breaking problem with a block, conducted by Koshizuka et al. [5] , was numerically simulated by CIP-LSM. In the experiment, as shown in Fig. 1 , the rectangular shaped water column which measured 2L in height and L ¼ 0:146 m in width was breaking up after the removal of a shutter board at t ¼ 0 inside the rectangular tank with 4L in height, 4L in width and L in length. Additionally, a rectangular block with 2h in height and h ¼ 0:024 m in width was put on the bottom of the tank. Figure 2 shows the observed flow field in the tank. After the contact line of liquid surface running on the collided with the block, the water climbed up the block, leaped over the bottom and reach at the right wall. It was found that large amount of air was shut up by the water bridge. Figure 2 also shows the time variation of the computed flow field. Compared with the experimental results, the shapes of the leaping water wave at 0.3 s, the water bridge at 0.4 s and the vapor room at 0.5 s were all found to be reproduced clearly in the computation.
Sloshing and Wave-breaking in Tanks
Related to the propellant management of the sub-orbital RLV (Reusable Launch Vehicle), the experimental investigation to observe the sloshing motion in a model tank was conducted. The series of experiments aimed to obtain the helpful knowledge for optimizing the configuration of the anti-slosh devices. The tank was excited by a hydraulic actuator in lateral direction. The details of the experimental conditions were reported in Ref. [6] .
Numerical Conditions
The dynamic behavior of liquid in the model tank was also numerically investigated with the developed code [7] . Main concern was focused on the liquid motion with various configurations of ring-baffles. In the computation, the shape of the tank was simplified and given as a cylinder. The ring-baffles were considered as thin obstacle. The operating fluids were liquid water and gaseous air. The liquid phase was supposed to be incompressible and the vapor phase should obey ideal gas equation. At initial, the level of liquid surface was as high as 0.265 m from the bottom and the temperature of each phase was given as 298.15 K, while the pressure was set to be about 1:0 Â 10 5 Pa. The flow field was assumed to be plane symmetric and solved only the half around of the tank with 40 Â 100 stencils in a meridian section and 36 stencils in the circumferential direction. As the boundary condition on the surfaces of the tank liner and the ring-baffles, both the non-slip and the wetting conditions were imposed. Figure 3 shows the computed results with the multiple ring-baffles of 30 mm width. Compared with the corresponding experimental data also shown in this figure, the baseline configuration could not block the vertical motion of the liquid and it was also reproduced that the liquid wave climbed by the inner edge of ring-baffles towards the top of the tank. Due to the presence of baffles, the computed liquid surface was found to be more complicated and more droplets and bubbles were generated than in the case with the bare tank [7] , however the droplets and bubbles smaller than the grid scale could not be captured because of the limited resolution. Even in the cases with multiple baffles, it is possible to say that three-dimensional liquid motion and the damping effects of baffles could be assessed quantitatively with the developed code. 
Numerical Results

Summary
The numerical analysis has a potential to provide helpful assessments for propellant management in a cost-effective manner. Though, the numerical method of CIP-LSM is now under development, in which turbulence model is not introduced, the phase-change on the interface are not considered, the further improvements are expected to clarify the various aspects of free-surface flows for the establishment of fluid-management technologies in the space transportation systems.
